Raman spectroscopy in laser-heated diamond anvil cells has been employed to probe the bonding state and phase diagram of dense hydrogen up to 140 GPa and 1,500 K. The measurements were made possible as a result of the development of new techniques for containing and probing the hot, dense fluid, which is of fundamental importance in physics, planetary science, and astrophysics. A pronounced discontinuous softening of the molecular vibron was found at elevated temperatures along with a large broadening and decrease in intensity of the roton bands. These phenomena indicate the existence of a state of the fluid having significantly modified intramolecular bonding. The results are consistent with the existence of a pressure-induced transformation in the fluid related to the presence of a temperature maximum in the melting line as a function of pressure.
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diamond anvil cell | high pressure | Raman scattering | laser heating | melting T he response of the covalent bond of molecular hydrogen to chemical, density, and thermal perturbations is central to a broad range of problems in the physical sciences. In particular, information on the behavior of hydrogen at very high pressures and variable temperatures is needed to explore the theoretically predicted molecular-atomic transition in the solid (1), the existence of an expanded stability field of the fluid and novel lowtemperature diffusive states (2) (3) (4) , and the nature of reported transitions in the fluid at megabar pressures (5, 6) . Hydrogen is also important for understanding the behavior of materials in general at extreme conditions (7, 8) . Hydrogen is the most abundant element in the cosmos, and the nature of hydrogen at high temperatures and pressures is crucial for understanding the interiors of large gaseous planets, including exoplanets, and other astrophysical bodies (9, 10) . The latter includes detailing the sequence of transitions associated with the onset of nuclear processes in ultrahigh density hydrogen plasmas inside very large astrophysical bodies.
There are numerous questions surrounding the behavior of dense hydrogen in the condensed matter domain of megabar (10 11 Pa) pressures and of order 10 3 K temperatures. Experiments and first-principles calculations indicate a temperature maximum in the melting curve as a function pressure near 100 GPa and 1,000 K (11) (12) (13) (14) . Near 140 GPa and higher temperatures, there is evidence for onset of electrical conductivity (5) and an increase in density (6) . The downturn in the melting line has been predicted in various calculations, but the degree of ionization and dissociation in the molecular fluid and an onset of electrical conductivity at higher temperature vary among calculations (15) (16) (17) (18) (19) (20) . Characterizing the bonding state of the dense, hot fluid under these conditions is required to search for molecular dissociation and to test competing mechanisms for the onset of electrical conductivity (6, 15, 17, 20, 21) . The theoretical and experimental indications of a presence of the maximum in the melting line (11, 13, 14, 16) require the fluid to have a higher density than solid at pressures above the maximum. Thus, one can expect changes in the bonding state and intramolecular interactions (2), perhaps giving rise to pairing fluctuations (22, 23) , in the dense, hot fluid. A distinct transition in the fluid could give rise to a fluid-fluid-solid triple point as suggested by some calculations (15, 17, 20) , though other theoretical studies predict no abrupt changes in the fluid and therefore discontinuities in the melting line as a function of pressure and temperature (e.g., ref. 18). At higher temperatures and lower pressures, there have been proposals of a plasma phase transition.
The results of these studies largely depend on the level of theory used to simulate dense hydrogen. Use of Born-Oppenheimer molecular dynamics in combination with density functional theory or a coupled electron-ion Monte Carlo calculations, for instance, predict a gradual dissociation of the molecular phase at high P-T conditions (17) . However, subsequent application of the same theoretical methods but with enhanced resolution by way of using a finer density grid and improved trial wavefunction (19) predict the molecular fluid to nonmolecular fluid transition to be first-order, as modeled using various theoretical approaches (20, (24) (25) (26) (27) . These predictions remain to be confirmed by experiments. Additional simulations explicitly predict that the dense fluid is stable at temperatures down to 400 K near 300 K (28) . Still other simulations provide additional constraints on behavior at higher P-T conditions, the regime of warm dense matter (29) .
The hydrogen vibron is sensitive to density and the phase of the material and this arises from changes in intermolecular and intramolecular interactions. As a result, vibrational spectroscopy has proven to be a crucial tool for mapping the phase diagram of hydrogen and for elucidating the nature of the bonding in the various phases (6, 7, 19, 22, 23, 30) . Raman and IR spectroscopy have helped establish the existence of three high-pressure molecular solid phases of hydrogen phase I (<110 GPa; orientationally disordered), phase II (110 GPa-150 GPa, orientationally ordered), and phase III (>150 GPa, orientationally ordered; strong IR activity) (7) . Of these, the structure of phase I has been determined from X-ray diffraction as a hexagonal close packed (31) , while the structures of phases II and III remain to be determined unambiguously. Crystal structure determination has been difficult due to the low X-ray scattering cross-section of hydrogen compounded by small sample quantities at megabar pressures. Equivalent measurements by neutron scattering require large samples, which currently are not possible to create at the needed high-pressure conditions with currently available techniques (32) . Measurements of the vibron by Raman and IR spectroscopy have therefore served as key diagnostics of the state of dense hydrogen up to megabar pressures (7, 30) , most recently for the crystal structures of the higher pressure molecular phases (33) .
The vibron has been studied at high P-T conditions using Raman spectroscopy (12, 22, 23) . Resistively heated diamond anvil cell techniques combined with in situ Raman spectroscopy showed small positive discontinuities in the Raman vibron frequency upon melting, by which the melting curve was clearly determined to 44 GPa and constraints on melting were obtained to 75 GPa (12) . In the same study, the rate of softening of the Raman vibron with temperature ðdν∕dTÞ P was reported. Analysis of the frequency shifts indicate that the combined effects of pressure and temperature on vibrational coupling explain the observed changes (34) . Laser heating coupled with Raman spectroscopy performed on hydrogen samples synthesized in situ by chemical reaction between aluminum and water has been used to probe the vibron at elevated temperatures (22, 23) . These studies confirmed the pronounced vibron softening and bandwidth changes reported in lower temperature resistive heating measurements (12) . An extension of the P-T range of the above studies of the Raman vibron is needed to examine this behavior and possible additional high-temperature phases and the origin of the reentrant melting at megabar pressures.
Experimental efforts to probe dense hydrogen at higher temperatures have been challenging under both dynamic and static compression. Dynamic compression experiments first indicated changes in electrical conductivity (5) and density from shadow radiography (6) . Discrepancies in the equation of state (e.g., at higher pressures and temperatures) have largely been resolved, but differences remain (35, 36) . But in comparison with static compression studies the range of diagnostic tools has been limited from the standpoint of probes of the state of bonding, which is needed to constrain different theoretical models that predict dissociation and the degree of ionization. Measurements of temperatures have been challenging in dynamic compression experiments and are often determined using model calculations whose accuracy is difficult to judge (5, 6). There have been important advances in optical measurements on shock compression of hydrogen (37) , but these have not been extended to directly probe structure and bonding. Dynamic compression experiments on precompressed samples allow the access of new P-T states of hydrogen and have been diagnosed using optical methods (38, 39) , but measurements of microscopic (molecular-scale) properties have not yet been carried out using these methods.
Hydrogen is difficult to study under high P-T conditions in static compression experiments, most notably because of problems with confining this highly reactive and diffusive material in high-pressure devices for sufficient periods of time for accurate measurements at well-defined thermodynamic conditions (7, 11) . It is, of course, vital that hydrogen remains confined in the highpressure cell long enough for these measurements. Confining hydrogen under ultrahigh pressure conditions in diamond anvil cells is technically challenging on account of its high diffusivity and reactivity, leading frequently to loss of sample. At higher temperatures, this problem is more severe and can lead to sample loss as well as gasket failure by embrittlement and damage to the diamond anvils (22, 23) . Exploration of the high P-T behavior using static compression techniques also requires careful isolation of the anvils and the gasket from hot hydrogen. Such a locally confined sample configuration improves the reliability of the diagnostics, such as Raman spectroscopy. Confining the sample in this way reduces the effects of measuring both cold and hot hydrogen in the same spectra and improves the modeling of the temperature distribution within the sample chamber.
Recently, we have developed a methodology to confine hydrogen under more extreme P-T conditions in laser-heated diamond anvil cell and probe the material in situ by Raman spectroscopy (40) . Here we present direct observations of P-T induced changes in hydrogen at 30 GPa to 140 GPa using the automated laser heating system (41) . Hot, dense hydrogen was probed in multiple ways including Raman spectroscopy, pyrometry, and speckle pattern video recording. The most prominent observation is an abrupt frequency shift of the molecular vibron at high temperature, which indicates that intramolecular bonding within the hot dense fluid is significantly different from the solid at these pressures. The experiments are consistent with a monotonic increase in the melting temperature up to approximately 110 GPa. Our data at higher pressure indicate that the melting line turns over, and the fluid phase formed on melting is characterized by short-range orientational order and interatomic interactions that differ from those of the fluid at lower pressures.
Results
Raman Spectroscopy. Representative Raman spectra in the region of the hydrogen vibron at a pressure of 60 GPa and several temperatures are shown in Fig. 1 . With increasing temperature, the vibron exhibits softening and broadening followed by the appearance of a new lower-frequency vibron in a relatively narrow temperature range near 900 K. At higher temperatures this peak dominates the spectrum and it continues to soften with temperature, developing a lower-frequency shoulder associated with vibrational transitions from the first excited level (referred to hereafter as the 1,2 transition) (22) . Due to temperature gradients in the sample cavity (see below), Raman peaks corresponding to colder sample zones remain in the spectra to the highest nominal temperatures measured. All of these temperaturedependent Raman spectra changes are reversible except when chemical changes in the sample hole occur. Chemical changes were evident from darkening under visible light transmission and occurrence of numerous new peaks in the Raman spectra, typically after H 2 remained in a fluid state for a prolonged period of time.
In addition, the low-frequency bands show a broadening and decrease in intensity with temperature in the solid and almost complete disappearance in the temperature range where the new fluid vibron band appears (Fig. 1B) . Measurements at 35-60 GPa indicate that these effects become more pronounced with pressure. These observations are in striking contrast to the subtle changes in the roton spectra observed through the solidification of hydrogen at room temperature (see ref. 7 and references therein).
Finite Element Calculations. The complexity of the Raman spectra in Fig. 1 arises in part from large temperature gradients in the sample during laser heating. To further constrain those gradients, we performed finite element calculations (42) of the sample cavity with the appropriate experimental geometry (42) and realistic thermochemical parameters for the sample at a given pressure (SI Text). The temperature variation across the sample depends mainly on the sample geometry, which is well characterized; fortunately, the temperature variation depends much less on thermochemical parameters of hydrogen which are not well known at high P-T conditions. The Raman spectra for solid and fluid hydrogen at elevated temperatures were parameterized using the available experimental data as the initial inputs (12, 22) . Synthetic Raman spectra from regions of the temperature map convoluted with the Gaussian laser probe beam profile were integrated and fit to match the measured Raman spectra (SI Text). We find that the experimental data can be best fit under the assumption of a rapid change in the vibron frequency as a function of temperature starting near 960 K (Figs. 1 and 2 ). An alternative interpretation is the appearance of a low-frequency vibron feature having a strong temperature shift at high temperatures. Modeling the intensities of the bands indicates that for this to be the case there must be a significant increase in the Raman cross-section at high temperature. Fig. 2 shows the temperature dependence of the Raman vibron frequency. The error bars associated with the temperature measurements above 1,000 K arise from uncertainties in determi-nation of the integrated area of the vibron sideband in the peak fitting procedure. The results support the presence of a large shift in the vibron frequency at or just above the melting transition. Qualitatively similar changes in the Raman spectra occur when hydrogen is heated to high temperatures at other pressures, i.e., from 30 and 140 GPa. At the lowest pressures, the large frequency shift at melting is evident from its increased linewidth and substantially lower frequency compared to that observed by resistive heating (12) (Fig. 3) . The fitted spectra at 1,500 K and 1,800 K (red lines) were calculated with a model that explicitly accounts for thermal gradients (SI Text) in the sample region and discontinuities in vibron behavior; the dashed blue line shows the best fit of the data using a model without the vibron discontinuity. The red arrow points to the transition originating in the first excited vibrational state (1,2) in the 1,500 K and 1,800 K spectra. The vibron amplitude at 300 K is approximately five times larger than that of the strongest roton band. The peak of the solid hydrogen in the 4;200-4;250 cm −1 range at higher temperatures appears as a doublet possibly due to contribution from "cold" hydrogen pockets trapped in the buffer material nearer to the anvil face. (B) Low-frequency region showing the vanishing of the E 2g phonon mode and broadening and diminishing of the S 0 ðJÞ roton bands at high temperatures. The same scale (relative intensity) is used for all spectra in each figure except where noted.
Fig. 2.
Raman vibron frequencies as a function of temperature. Below 1,000 K the temperatures were determined from the dν∕dT obtained from previous resistive heating measurements (12) . Above 1,000 K, the indicated temperatures are those determined from the relative intensities of the (0,1) and (1,2) vibron transitions and from spectroradiometry. The dashed blue line corresponds to a model fit with no discontinuity in the vibron frequency (see text). The gray arrow connects points corresponding to the same measurement in which both the high and low-frequency vibrons were observed. The dotted vertical lines identify the coexistence interval of the two major vibron bands due to the temperature gradient in the sample cavity. Speckle Measurements. Additional information about the nature of the abrupt spectral changes at elevated temperatures was obtained from observations of the changes in the speckle pattern in the same temperature interval (see also refs. 13, 14, and 43) . Below 100 GPa, we recorded large fluctuations in intensity of the speckle with increasing heating laser power; these fluctuations accompanied the abrupt changes in the Raman spectra described above (SI Text). Although these observations alone could be assigned to phenomena other than melting (e.g., chemical reaction, recrystallization, or an unexpected solid-solid phase transition) (44), our combined diagnostics strongly suggest the connection of the vibron softening phenomena with the behavior of the fluid near melting.
Discussion
Our study agrees with previous measurements of the vibron frequency of H 2 at the melting line (12) and with previous laser heating/Raman measurements to 50 GPa (22) (Fig. 3) . The vibron discontinuity is small and positive below 30 GPa (17) suggesting that melting of hydrogen changes its character at high pressures above 30 GPa. The vibron discontinuity decreases with pressure ( Fig. 3) and the vibron band broadens with pressure in the solid phase (22) , which makes the data analysis complex above 80 GPa. Nevertheless, a sudden change in the spectra between 860 K and 950 K (Fig. 4) , where the fitting analysis shows an abrupt increase of intensity of the lower-frequency peak, point to high-temperature behavior that is similar to observations at lower pressures.
The magnitude of the high-temperature vibron shift reported here is similar to the discontinuity observed for the solid-solid I (II)-III transition in H 2 near 150 GPa (45) , which arises from a modification of the inter-and intramolecular interactions related to orientational ordering and structural changes at the transitions (46) . Intermolecular coupling produces a very small change of the vibron frequency at melting over the measured range of pressures (34) . Our new experimental data show that additional factors likely control vibron dynamics and rotational states of H 2 molecules in fluid at high temperatures above 30 GPa. Specifically, the large decrease in vibron frequency and almost complete disappearance of the roton bands (Fig. 1) indicate that intramolecular bonding is significantly changed and the rotational states are not well defined under these conditions. Additional theoretical calculations are required to identify whether the new features are consistent with dynamic dissociation (e.g., see ref. 23 ).
The new results also provide constraints on the high P-T phase diagram of hydrogen (Fig. 5 ) and in particular bound the melting temperatures. Assuming the low-frequency vibron corresponds to the fluid, and using its observation as a criterion of melting, our results are in good agreement with the Kechin model extrapolation of the previous resistive heating data (11, 12) and with other recent measurements where the data overlap (13, 14) . No evidence is found for the narrow maximum in the melting line reported in ref. 13 ; a discussion of those results is presented elsewhere (44) . Beyond approximately 80 GPa the melting temperature begins to decrease in fair agreement with the melting points of ref. 14, though the decline may be steeper than suggested in previous experimental and theoretical studies (14, 16) .
The conductivity onset in the fluid documented in shock-wave measurements (5, 6, 8) has been attributed to ionization of the atoms (a strongly coupled plasma model). It has also been suggested that the transition originates with electrons localized to form molecular negative ions (21) . It is therefore of interest to determine whether the negative vibron shift observed here at the highest temperatures is consistent with this model or with the formation of H 2 þ . Testing this may require explicit calculations of the vibrational spectra for these species, including both frequencies and Raman intensities. Theoretical calculations predict the presence of a short-range orientational ordering for the fluid above the pressure corresponding to a turnover of the melting line (20) . Our observations of the narrowing of the vibron band in the high-pressure limit are in line with these predictions. Very recent calculations that include both density functional and quantum Monte Carlo methods predict a discontinuous transition in the fluid and a fluid-fluid-solid triple point at 220-290 GPa and 700-550 K (19) . The higher accuracy of the latter calculation gives the best current prediction of the intersection of the insulator-metal transition and the melting curve. The measurements are just below the P-T range of the proposed plasma phase transition (e.g., starting at 127 GPa and approximately 2,500 K) (6) or first-order fluid-fluid transitions line (and the predicted critical point) (19) . However, our observations suggest the onset of a transition beginning above 40 GPa to a state characterized by modified intramolecular interactions. Further studies are needed to establish the behavior of hydrogen above 200 GPa to identify the region of the predicted crossover of the insulator-metal transition and melting curve. Measurements at more extreme P-T conditions using IR absorption and reflectivity techniques should be useful to track the vibron signature of intramolecular bonding as well as optical conductivity in the hot dense fluid, as has been done for the solid at multimegabar pressures at room temperature and below (47, 48) .
Methods
The methods used here to confine and probe hydrogen at high P-T conditions are summarized below. The technique involves measuring micron sized samples that are well isolated from the diamond anvils and metal gasket (40) . The heated H 2 sample is contained in a 5-8 μm diameter hole laser machined into a 4-6 μm thick iridium foil placed in the sample chamber of a diamond anvil cell. The sample chamber was created by drilling a hole in a gasket (typically Re), which holds the sample in place between the diamond anvils. The Ir foil is used as an absorber (coupler) of infrared radiation from a heating laser. The coupler is isolated from the diamonds by a 1-2 μm thick insulation layer consisting of Al 2 O 3 , CaF 2 , or other halide salts over the culets of both anvils. The sample was heated from both sides with 200 W fiber laser operating in CW mode (λ ¼ 1.07 μm) focused to the coupler hole region. The focal spot had a nearly flat intensity distribution over 30 μm, an effect that was achieved by implementing a beam shaper in the downstream side (42, 49) . The 457 and 488 nm lines of an Ar-ion laser were used to measure Raman spectra during the laser heating experiments. In addition a low intensity solid state laser operating at 532 nm was used to generate a speckle pattern in the focal plane of the collection optics. The automated experimental procedure for each P-T point included sequential measurements at each fiber laser power level of the Raman and thermal radiation spectra and recording of a speckle video with changing laser power. The experiment control and data acquisition system developed for in situ high P-T Raman spectroscopy minimized the overall experiment time by about 90% compared to manual operation (41) .
Sample temperatures were also estimated from the reported variation of the vibron frequency of the solid with temperature up to approximately 150 GPa (12) (SI Text). This technique was found to be reliable up to approximately 900 K; on the other hand, pyrometry tends to overestimate the sample temperature because of steep temperature gradients in the sample cavity (42) . At higher temperatures, the spectroradiometrically obtained temperatures were in good agreement with those obtained from the intensity ratio of the Raman bands corresponding to the (1,2) and (0,1) Raman transitions (22) (SI Text). The errors associated with the Raman temperature measurements above 1,000 K (Fig. 2) arise from uncertainties in determination of the integrated area of the vibron sideband in the peak fitting procedure. The results reported here summarize 40 separate laser heating experiments on H 2 with several experiments repeated at nominally the same pressure (e.g., 60 GPa) yielding almost identical results.
Implementation of the fully automated measurement process enabled in situ Raman spectra measurements on the same sample over two to three heating-cooling cycles at a given pressure. This limit is generally due to observation of chemical reaction at high temperatures (40) . For example, analysis of the Raman spectra in conjunction with the observation of dark patches appearing suddenly in the transparent sample region in the metal coupler at high pressures and temperatures hint that these new features in the high frequency as well as low frequency (400-1;000 cm −1 ) regions may be related to formation of dissolution of iridium in fluid hydrogen or the formation of iridium-hydrogen compounds (40) .
